1 ©AANS, 2013 T he first case reports involving patients with spaceoccupying cerebellar infarcts date back to the end of the 19th century. 80 The first case reports of surgical treatment by craniectomy were published independently but almost simultaneously in 1956 by Fairburn and Olivier 26 and Lindgren. 73 As of the writing of this study, 115 original papers on space-occupying cerebellar stroke including a total of over 750 patients have been published (see Table 3 ).
ranging from 17% to 54%. 15, 19, 41, 47, 51, 58, 75, 84, 94, 104, 112 The proportion of patients in which infarct swelling is potentially life-threatening also remains uncertain. In one study only 50% of patients who developed radiographic evidence of mass effect showed subsequent clinical deterioration. 63 The diagnosis and management of cerebellar stroke with mass effect is still a controversial issue. Because of nonspecific symptoms 47, 51, 58, 75, 84, 112 and insufficient diagnostic sensitivity of brain CT (the most widely available and commonly used imaging technique in the evaluation of patients with suspected stroke) 77 large cerebellar infarctions prone to space-occupying edema formation are often not recognized until complications due to mass effect become evident with clinical deterioration. The most feared complications in the posterior fossa are brainstem compression and occlusive hydrocephalus. In the case of extensive mass effect, conservative treatment strategies are not well validated and are often unsuccessful in clinical practice; surgical treatment is widely accepted as the treatment of choice. However, the best time point for starting and the factors triggering surgical intervention remain unclear. Furthermore, the different surgical procedures have not been sufficiently tested in larger, multicenter, prospective, or randomized controlled trials. Therefore, management strategies are often based solely on personal experience or local standards and differ between neurological/neurosurgical centers. Although numerous reports suggest that surgical intervention reduces mortality in malignant cerebellar infarction, little is known about the long-term outcome in survivors.
The current work provides an overview of the available data on complications, treatment, and outcome of space-occupying cerebellar infarction.
Methods
References for this review were identified by searches of PubMed, Medline and local search machines in the library of the Charité-Berlin up to October 2012 using the terms "cerebellar," "stroke," "ischaemia," "infarction," "malignant," "space-occupying," "swelling," "extraventricular," "drainage," "decompressive," "surgery," "surgical," "decompression," "craniectomy," and "suboccipital" in various combinations. Articles were also identified through searches of the authors' own files. Papers published in English or German and papers providing an abstract in either language were reviewed. All articles reporting outcome data on space-occupying cerebellar infarction were considered for the analysis. Primary data of studies that enrolled a large number of patients were given priority over case reports and reviews with respect to treatment recommendations.
Complications
Large infarcts of the cerebellar hemispheres, particularly those affecting the posterior inferior cerebellar artery and infarcts affecting multiple arterial territories may be accompanied by the development of brain swelling due to cytotoxic and vasogenic edema. 15, 19, 41, 47, 51, 56, 58, 75, 84, 91, 94, 104 So far it is not clear which factors promote edema formation after stroke. In addition to infarct size, other factors such as hemorrhagic transformation and inadequate collateral blood flow may be involved. Interestingly, large infarcts can be accompanied by only a small amount of edema, whereas comparatively small infarcts can result in extensive swelling. 63 The timing of edema formation can vary. According to data from neuroimaging studies, maximum swelling is reached in most patients between the 2nd and the 4th day but has also been reported as late as the 9th day, when patients were already regarded as being stable. 15, 47, 51, 58, 61 The 2 major complications of edema formation in the posterior fossa are obstructive hydrocephalus due to blockage of the fourth ventricle and direct compression of the midbrain and pons. Upward transtentorial herniation of the superior vermis cerebelli through the tentorial notch or downward herniation of the cerebellar tonsils through the foramen magnum are the most common causes of death in the acute phase. 3, 41, 51, 58, 75, 94, 104, 112 
Treatment

Conservative Treatment
Guidelines for conservative treatment are derived from those for acute ischemic stroke in general and include airway protection, adequate oxygenation, blood pressure management, management of blood glucose levels, body temperature, and prevention of deep venous thrombosis and pulmonary embolism. 1, 25 The level of consciousness should be monitored closely. Immediate imaging should be prompted in the case of clinical deterioration or occurrence of brainstem signs. Escalation of conservative treatment includes ventilation, deep sedation, and other intensive care measures. Medical treatment strategies for increased ICP are in accordance with those used in the management of supratentorial stroke and may include osmotic therapy, artificial coma, hyperventilation, barbiturates, buffers, and steroids. 8, 55 However, none of these treatments is supported by adequate evidence of efficacy from experimental studies or randomized clinical trials. 1, 25 In fact, several reports suggest that these measures are ineffective or even detrimental, at least in supratentorial infarction. 8, 55 No valid data are available in infratentorial stroke.
Surgical Treatment
Surgical therapy includes ventriculostomy and suboccipital decompressive craniectomy (SDC). In contrast to the controversial debate about surgical treatment of space-occupying supratentorial stroke, surgical intervention is widely accepted as the treatment of choice in cerebellar stroke with mass effect and strongly recommended in current stroke guidelines.
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Ventricular Drainage
Ventriculostomy is most commonly performed by inserting an extraventricular drain in a lateral ventricle. This procedure represents the gold standard of treatment and offers the opportunity for both measuring the supratentorial ICP and, if necessary, draining CSF. Although few authors have described a lower risk for infections in endoscopic ventriculostomy, this technique remains an individual approach (only used by some surgeons) and entails, besides a higher risk of surgical complications, the additional risk that CSF drainage is not controllable and might potentially be insufficient.
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Suboccipital Craniectomy
The rational for suboccipital decompressive surgery is to create space for the swollen tissue outside the narrow posterior fossa and thus avoid life-threatening compression of the brainstem and fourth ventricle. There are various surgical approaches: unilateral or bilateral craniectomy, additional opening of the foramen magnum with or without resection of the posterior arch of the atlas, and the use of different types of duraplasty. Some neurosurgeons also remove necrotic cerebellar tissue to create extra space within the posterior fossa and reduce development of cytotoxic edema. 51, 56, 91 In cerebellar stroke, there is no general agreement about the optimal time to initiate surgery or about what factors would mandate proceeding to surgery. Local surgery protocols differ greatly, and the questions of whether and when ventriculostomy or SDC should be performed and whether surgery should be performed in a single intervention, in combination, or in a stepwise approach remain unanswered. It is important to note that none of these procedures has been tested or compared with others in larger, multicenter, and prospective studies with adequate control groups or in randomized trials.
As for SDC, the following protocol may be used: Patients are operated in a prone or semiprone (park-bench) position. After vertical midline skin incision from the protuberantia occipitalis to the upper cervical spine, skin and subcutaneous tissue are separated from the underlying fascia, which is cut through laterally to the processi spinosi of the upper cervical spine, and muscles are disconnected from the processi spinosi and the occiput. Osteoclastic bilateral craniotomy is performed beneath the transverse sinus and enlarged laterally. Great attention must be paid to opening the foramen magnum sufficiently to decompress the cerebellar tonsils. Resection of the posterior arch of the atlas is recommended in order to achieve sufficient decompression. To maximize the decompressive effect, the dura should be opened (Y-shaped) above the cerebellar hemispheres and the medulla oblongata. If the effect of decompression seems insufficient, removal of necrotic tissue might be considered as an additional option. Finally, the dura should be reconstructed by means of duraplasty with an autologous galea or fascia flap or, more commonly, an artificial dural substitute. Complications such as injury to the vertebral arteries, induction of major bleeding, or epidural and subdural hematoma and hygroma should be avoided.
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Outcome
The analysis of available studies on space-occupying cerebellar stroke showed that conservative treatment alone is associated with a high mortality rate of 42.9%, increasing to a rate as high as 85% in those patients who progress to coma. 27, 41 Surgical treatment is associated with much higher survival rates: 81.6% for patients treated with EVD alone, 76.8% for those treated with SDC alone, and 77.5% for those treated with both EVD and SDC. Mortality and functional outcomes are summarized in Tables 1 and 2 . There is some evidence that higher age is associated with poorer outcome. 47, 56 The summary tables should be interpreted with caution as most of the studies investigating outcome suffer from the limitations of retrospective data collection, lack of control groups, single-center or small multicenter (oligocenter) experience, limited size of patient cohorts, and other selection biases (Table 3 ). Most importantly, there were marked imbalances between treatment groups; i.e., patients with pronounced mass effect on CT and impaired level of consciousness were more likely to be treated with SDC and additional EVD. Most studies do not provide information about factors predicting the course of the disease or functional outcome in survivors.
The only study with a prospective multicenter design addressing clinical outcome after space-occupying cerebellar stroke is the German-Austrian Space-Occupying Cerebellar Infarction Study (GASCIS). 51 In GASCIS, the level of consciousness before treatment was found to be the only predictor for poor outcome. Patients who were awake/drowsy or somnolent/stuporous had a good functional outcome (mRS score 0-2) in 86% and 76% of cases, respectively, while only 47% of comatose patients had a good outcome. GASCIS was not randomized and therefore was subject to selection bias. In addition, 22.2% of patients treated with ventriculostomy were later treated with decompressive surgery due to further deterioration.
The observation that about 50% of patients who progress to coma and are treated with craniectomy have good outcomes (mRS score ≤ 2) is seen in some of the published studies, but others found no association between the initial level of consciousness or its course and functional outcome. 44, 47, 51, 57, 68, 69, 91, 112, 115 Today most neurosurgeons and neurologists believe that the clinical outcome of patients with space-occupying cerebellar stroke who have undergone successful life-saving surgery is usually good irrespective of other prognostic factors. This opinion is reflected by current guidelines and recommendations. 1, 12, 25, 51, 78, 94 However, little is known about the long-term outcome in survivors. There are only 3 studies on long-term outcome that include larger numbers of patients with follow-up of more than 1 year. 56, 91, 115 In one of these studies, a retrospective single-center case series on SDC plus EVD and strokectomy (removal of necrotic tissue) in 32 patients with expansive unilateral cerebellar infarcts, a low mortality rate (32%) and a high rate of independent outcome (53% mRS score 0-2) was found in long-term survivors. 115 In contrast, the 2 other studies, which included 108 patients treated with different strategies, reported a lower long-term survival rate of 60%. Only 27% of survivors showed a favorable outcome (mRS score 0-1) and 38% showed an independent outcome (mRS score 0-2). Age and the presence of brainstem infarction were identified as independent prognostic factors. Interestingly, insertion of an external ventricular drain, either alone or in combination with decompressive craniectomy, seemed to have no effect on survival or outcome. 56, 91 These results call into question the belief that prognosis in survivors of space-occupying cerebellar infarcts is usually good. Indeed they indicate very heterogeneous outcome results, with 40% of patients dying and a considerable number of patients left with severe neurological deficits. However, the authors of these 2 studies were unable to assess the specific causes of death and severe disability in these patients. Both of the studies are retrospective and single center in nature and therefore also subject to bias.
Suggested Treatment Algorithm
The following treatment algorithm is based on treatment protocols from experienced and expert tertiary centers where large numbers of patients are treated every * Shading indicates combined categories. Abbreviations: disab = disability; FU = follow-up; max = maximum; min = minimum; mod = moderate; NR = not reported; outc = outcome; pts = patients; surv = survived; Sx = symptoms; + = strokectomy. † Number of patients with space-occupying cerebellar infarction.
year for space-occupying cerebellar infarctions (Fig. 1) . Nevertheless, it represents only a recommendation that can be adapted to local standards and conditions. Alert and clinically stable patients should initially be treated conservatively and monitored closely using clinical scales and repeated neuroimaging. 54, 57, 94 If feasible, these patients should be admitted to an ICU or a dedicated stroke unit where neurosurgical interventions can be performed 24 hours a day.
Somnolent or clinically critical patients should ideally be admitted to an ICU, although they may also be cared for in a dedicated stroke unit. In contrast to the stable patients described above, these critically ill patients should not, under any circumstances, be admitted to a general ward. If neuroimaging shows extensive cerebellar stroke in these patients (quantitatively assessed according to the numerical 3-item CT score suggested by Jauss and coworkers 52 ), prophylactic SDC with or without EVD should be considered. Some authors believe that deterioration of consciousness is the strongest predictor for dangerous space occupation and should be a prime factor in the decision to intervene surgically. 69 However, because clinical signs as well as neuroradiological parameters of deterioration are unspecific or may be detected too late, some authors recommend early or preventive neurosurgical therapy. 12, 69, 78 They argue that the risk of EVD and SDC is comparatively small and patients undergoing preventive surgery tend to recover better than patients undergoing emergency treatment after deterioration. Others argue that SDC should not generally be recommended in patients with a level of consciousness better than coma because its efficacy is unproven and it may cause unnecessary complications. 51 Similarly, prophylactic osmo therapy can be considered if there is radiological evidence of edema, but given the lack of evidence it is not recommended.
In patients whose condition deteriorates, neuroimaging should be performed immediately and frequently to determine the appropriate treatment strategy and, if possible, to rule out extensive brainstem infarction. If the fourth ventricle is blocked and hydrocephalus is present, EVD or SDC or both are recommended, with ventriculostomy to be definitely followed by SDC if the patient's condition does not improve or if it worsens. 12, 41, 94 Although ventriculostomy alone is sometimes considered dangerous due to possible upward herniation, this risk seems rather small. 15, 41, 47, 58, 68, 69, 94, 116 Patients with signs of quadrigeminal cistern and/or brainstem compression should undergo immediate SDC combined with or followed by EVD if they have signs of hydrocephalus that do not resolve after SDC. 12, 41, 94 Some authors regard the combined approach of ventriculostomy and decompressive surgery as the first choice for patients with occlusive hydrocephalus. 15, 27, 44, 54 In comatose patients, neuroimaging and/or brainstem auditory evoked potential (BAEP) and somatosen sory evoked potential (SEP) studies should be considered to detect brainstem damage, and some reports have emphasized the potential usefulness of the latter modalities. 65, 66 In patients without brainstem infarction and normal find- ings on BAEP/SEP studies, immediate decompressive surgery plus EVD should be performed. For patients with extensive brainstem infarction or highly pathological BAEP/SEP findings, conservative treatment is recommended in view of the poor prognosis. If neither MRI nor BAEP/SEP studies can be performed, no general recommendation can be given, and therapeutic decisions have to be made on a case-by-case basis.
Conclusions
Although most cerebellar infarctions have a benign course, the early identification of those patients who are at risk for space-occupying edema formation is essential. In addition to monitoring patients closely and using MRI rather than CT for diagnostic evaluation, one should keep in mind that deterioration can occur late and must not be overlooked. Bilateral decompression craniotomy, including resection of the posterior arch of the atlas and in combination with dura enlargement, is thought to be the treatment of choice, even if patients present with a reduced level of consciousness. The available data, however, do not provide sufficient evidence to suggest the optimal timing of surgery or the optimal surgical procedure. Patients with extensive brainstem damage, however, have a poor outcome, and thus seem not to be good candidates for surgery. Furthermore, recent studies have shown that long-term outcome after space-occupying cerebellar infarction is more heterogeneous than expected, and therefore more studies are needed to identify prognostic factors. Randomized controlled trials would be needed to define the exact value of SDC, ventriculostomy, or a combination of both. Ethically, however, these trials are highly problematic because they might mean withholding from patients a potentially life-saving therapy such as SDC. It is the great challenge for neurosurgeons and neurologists to overcome these problems and create adequately designed trials that answer the open questions about space-occupying cerebellar infarction.
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